The optical properties of a thin film of the ͓Ru͑bpy͒ 3 ͔͓NaCr͑ox͒ 3 ͔ network structure obtained by pulsed laser deposition are described. The luminescence shows the characteristic doublet of R lines at 14 400 cm 
The three-dimensional polymeric networks of general composition ͓M II ͑bpy͒ 3 ͔͓M I M III ͑ox͒ 3 ͔ ͑bpy=2,2Ј-bipyridine, ox= oxalate, M I = alkali ion, M II and M III = transition metal ions͒ with the cubic and chiral space group P2 1 3 shown in Fig. 1 , were first synthesized by Decurtins et al. 1 To date their photophysical properties, in particular with regard to excitation energy transfer processes, 2 were studied using single crystals and polycrystalline materials. This communication describes the formation of a thin film of one of these inorganic polymers, namely of ͓Ru͑bpy͒ 3 ͔ ϫ͓NaCr͑ox͒ 3 ͔, by pulsed laser deposition ͑PLD͒, and its study by optical spectroscopy. PLD was chosen because it is one of the most convenient and efficient techniques for the stoichiometric evaporation of multicomponent materials in order to form organic 3 and inorganic 4 thin films on a suitable substrate.
͓Ru͑bpy͒ 3 ͔͓NaCr͑ox͒ 3 ͔ was synthesized in the form of a polycrystalline, red-orange powder as described in Ref. 1. A small amount of this powder was compressed into a pellet to serve as a target. The film itself was prepared in an UHV chamber at 5 ϫ 10 −6 mbar, using a Lambda-Physics KrF excimer laser ͑ = 278 nm͒ at 10 Hz repetition rate as a pulsed laser source. The laser was focused down to a 3 mm 2 spot on the rotating target, and the beam energy density was adjusted to 0.07 J / cm 2 by means of an OPTEC 4020 attenuator. A thin film was deposited on a Pyrex substrate at room temperature. The distance between the target and the substrate was 4 cm. The deposition time was 15 min. The film thus prepared was transparent, crack free and almost colorless, with an estimated thickness of less than 100 nm.
For optical measurements down to 1.4 K, the sample was placed in a liquid helium cryostat ͑Cryo Industries͒. For photoluminescence measurements ͑PL͒, nonsite selective excitation was achieved with a He-Ne laser emitting at 18 797 cm −1 ͑Polytec, 2 mW, = 543 nm͒ which is within the absorption band of the 4 A 2 → 4 T 2 transition of the ͓Cr͑ox͒ 3 ͔ 3− chromophore. 5 The PL itself was analyzed with a 3 / 4 m double monochromator ͑Spex 1402͒ and detected with a CCD camera ͑Astromed, CCD 3200 Imaging System͒. Figure 2 shows the PL spectra of the thin film recorded at 1.4, 9.7, and at 40 K. At 1.4 K, the spectrum is characterized by two comparatively sharp lines at 14 400 cm −1 and at 13 710 cm −1 , respectively. The one at 14 400 cm −1 is roughly ten times more intense. It is clearly associated with the R 1 line, that is, the lower energy component of the spin-flip transition 2 E͑t 2g 3 ͒ → 4 A 2 ͑t 2g 3 ͒ of the ͓Cr͑ox͒ 3 ͔ 3− chromophore schematically shown in the inset of Fig. 2 . 6 At 1.4 K the 2 E state is populated from the initially excited 4 T 2 state via an efficient intersystem crossing process. The zero-field splitting of the ground state is smaller than inhomogeneous linewidth and is therefore not resolved. At higher temperatures, the R 2 line appears on the high energy side as a result of the thermal population of the high energy component of the 2 E state.
The considerably weaker emission at 13 710 cm −1 and its hot band can be unambiguously attributed to the corre- chromophore. 7 Thus we may conclude that a fraction of the Cr 3+ ions have migrated from the oxalate network to the tris-bipyridine site during the formation of the thin film. The fact that the intensity of the emission from ͓Cr͑ox͒ 3 ͔ 3− decreases and the one of ͓Cr͑bpy͒ 3 ͔ 3+ increases with increasing temperature indicates a temperature dependent energy migration within the R 1 line of ͓Cr͑ox͒ 3 ͔ 3− followed by energy transfer to ͓Cr͑bpy͒ 3 ͔ 3+ acting as a final trap. 8 Based on the value for the limiting total quantum efficiency of this energy transfer of 0.28, the effective ͓Cr͑bpy͒ 3 ͔ 3+ concentration can be estimated to be below 0.05 mol %. 9 Figure 3 shows a comparison of the PL of ͓Cr͑ox͒ 3 ͔ 3− at 1.4 K from the thin film and from a polycrystalline sample using the non site selective excitation of the He-Ne laser. With a value of ϳ5 cm −1 , the inhomogeneous linewidth for the thin film is substantially larger than the ϳ1.5 cm −1 of the polycrystalline sample. In fact, for the latter the zero-field splitting D of 1.3 cm −1 ͑Refs. 6 and 10͒ for the 4 A 2 ground state is spectrally resolved. The considerably larger inhomogeneous line width for the thin film is due to the higher density of lattice defects in the thin film as compared to the polycrystalline sample. The apparent shift of the R 1 line to lower energy is due to efficient energy migration within the R 1 line which funnels the energy to the low-energy edge of the inhomogeneous distribution. 10 Definite proof that the polymeric network with the ͓Cr͑ox͒ 3 ͔ 3− complexes connected in three dimensions by the Na + ions and the ͓Ru͑bpy͒ 3 ͔ 2+ complexes in the cavities is reconstituted in the film, is provided by narrow band excitation into the R 1 line using a single frequency Ti:sapphire laser ͑Coherent Model 699͒. At low temperatures, the homogeneous linewidth of zero-phonon lines is smaller than the inhomogeneous linewidth, and such an excitation selectively excites only a subset of the chromophores within the inhomogeneously broadened band. For dilute systems this results in fluorescence line narrowing ͑FLN͒, 11 which in the case of ͓Cr͑ox͒ 3 ͔ 3− manifests itself in the form of three sharp lines, the central line at the irradiation wavelength, and weaker sidelines at Ϯ the zero-field splitting D of the ground state.
10,12 Figure 3 shows the FLN spectra at 1.4 K of the thin film of ͓Ru͑bpy͒ 3 ͔͓NaCr͑ox͒ 3 ͔ as well as of the polycrystalline sample selectively irradiated at 14 397 cm −1 . The FLN spectrum of the latter is only slightly narrowed and there are two additional shoulders on the low-energy side. The FLN spectrum of the thin film, on the other hand, is characterized by seven lines spaced by D. Such a spectrum is characteristic for resonant energy migration within the R 1 line as in the related system ͓Rh͑bpy͒ 3 ͔͓NaCr͑ox͒ 3 ͔ClO 4 , which already has an inhomogeneous linewidth of 4 cm −1 in polycrystalline form. 10 Such a spectrum can only be observed if ͑a͒ the zero-field splitting of the ground state is smaller than the inhomogeneous linewidth of the transition, ͑b͒ the concentration of resonant species is sufficiently high, ͑c͒ the paramagnetic chromophores do not interact with each other via superexchange interactions as this inevitably leads to a localization of the energy as observed in highly doped ruby. 13 All three conditions are well met by the thin film. In fact, the resonant energy migration within the R 1 line shows that the chromium and the sodium ions on the oxalate backbone have to be ordered in the same strictly alternating fashion as in the polycrystalline material, with no direct bridging of the Cr 3+ ions by an oxalate ligand.
In conclusion, we have presented unambiguous proof that the multicomponent polymeric oxalate network is reconstituted as a thin film on a Pyrex substrate using PLD. The almost unlimited possibilities of combining different transition metal ions in these structures 1,2,5,8,14 offers the possibility of building up multifunctional photonic, magnetic, and magneto-optic multilayer devices.
The authors thank the Swiss National Science Foundation for financial support of this project. Luminescence spectra of the ͓Ru͑bpy͒ 3 ͔͓NaCr͑ox͒ 3 ͔ thin film at T = 1.4 K ͑black lines͒, T = 9.7 K ͑dark grey lines͒, and T =40 K ͑light grey lines͒; the doublet at 14 400 cm −1 is assigned to the 2 E → 4 A 2 transition of ͓Cr͑ox͒ 3 ͔ 3− , the one at 13 710 cm −1 to the same transition of ͓Cr͑bpy͒ 3 ͔ 3+ . 
